With the recent introduction of combination therapy, human immunodeficiency virus type 1 (HIV-1) RNA levels in plasma have been dramatically reduced, frequently to below the limit of quantitation (400 copies/ml of plasma) of the AMPLICOR HIV-1 MONITOR Test (Roche Diagnostic Systems). To achieve enhanced sensitivity of the AMPLICOR HIV-1 MONITOR Test, a modified specimen preparation procedure that allows input of RNA from 10-fold more plasma per amplification reaction was developed. This "ultrasensitive" method allows the accurate quantitation of plasma HIV-1 RNA levels as low as 50 copies/ml. A precision study yielded average within-run and between-run coefficients of variation (CV) of 24.8 and 9.6%, respectively. A multicenter reproducibility study demonstrated that the laboratory-to-laboratory reproducibility of this assay is good, with an average CV of 32%. The linear range of this test is between 50 and 50,000 copies/ml of plasma. RNA concentrations measured by the ultrasensitive and standard HIV-1 MONITOR tests exhibited good agreement within the shared linear range of the two methods. The two measurements were within a factor of 2 for 91% of the specimens tested, with the concentration measured by the ultrasensitive method being only slightly lower (median, 22% lower). Preliminary studies suggest that this assay will prove to be useful for predicting the stability of viral suppression in patients whose RNA levels drop below 400 copies/ml in response to highly active antiretroviral therapy.
The measurement of plasma human immunodeficiency virus type 1 (HIV-1) RNA levels has become an important tool for identifying individuals likely to benefit from antiretroviral therapy (12, 15, 16, 21, 26, 29) as well as monitoring patients on therapy (5, 6, 9, 12, 18, 20, 23) and is now regarded as standard medical practice for managing the treatment of HIV-1-infected individuals (1-4, 22, 25, 28) . Recently, the use of combination therapy resulted in rapid and potent antiretroviral and immunological effects which lead to sharp declines in the plasma HIV-1 RNA concentration, frequently to an undetectable level (6, 18, 23) . A more sensitive method with a lower detection limit for plasma HIV-1 RNA is therefore required.
The AMPLICOR HIV-1 MONITOR Test, an in vitro nucleic acid amplification test for the quantitation of HIV-1 RNA in plasma, is intended to be used as an indicator of disease prognosis in conjunction with other laboratory markers and clinical presentation and as an aid in assessing the efficacy of antiretroviral therapy. The lower limit of quantitation of the AMPLICOR HIV-1 MONITOR Test is 400 RNA copies/ml of plasma (24) . We introduce here a modified specimen preparation procedure (17, 27) that enhances the sensitivity of the standard MONITOR test. Increased sensitivity is obtained by increasing the input plasma volume by a factor of 2.5, performing high-speed centrifugation to concentrate the virus particles from the plasma, and reducing the final resuspension volume for the recovered nucleic acid by a factor of 4. If centrifugation yields 100% recovery of virus, this modified, ultrasensitive procedure should result in a 10-fold increase in the analytical sensitivity of the AMPLICOR HIV-1 MONITOR Test. We evaluated the sensitivity, specificity, linear range, reproducibility, and precision of the ultrasensitive test. We also analyzed the correlation between RNA concentrations measured by the ultrasensitive and the standard HIV-1 MONITOR Tests.
MATERIALS AND METHODS
Clinical specimens. Clinical specimens for correlation and precision studies were obtained from Angela Caliendo at the Clinical Microbiology Laboratory, Massachusetts General Hospital; Anne Warford at the Diagnostic Virology Department, Stanford University Hospital; and Robert McPhee at the Pathology Reference Laboratory, University of Southern California. Clinical specimens for the reproducibility study were obtained from BioClinical Partners, Inc., Franklin, Mass. Whole blood was collected in sterile tubes with EDTA as the anticoagulant and was stored at 2 to 25°C for no more than 6 h. The plasma was then separated from whole blood by centrifugation at 800 to 1,600 ϫ g for 20 min at room temperature, aliquoted, and stored at Ϫ20°C or lower.
Quantified viral stock. An HIV stock concentrate was prepared by the Virology Quality Assurance (VQA) Laboratory of the AIDS Clinical Trial Group (ACTG) (30) . The viral concentration was then determined by (i) electron microscopy (13), (ii) p24 antigen analysis (7), (iii) the AMPLICOR HIV-1 MONITOR Test, and (iv) branched chain DNA analysis (Chiron Corporation, Emeryville, Calif.). The viral stock was serially diluted in HIV-negative human plasma for linear range determination.
Ultra-low-level HIV RNA panel. A randomized, blinded ultra-low-level HIV RNA proficiency panel designated PPUL01R was prepared by the VQA Laboratory of ACTG with viral stock concentrate diluted in defibrinated HIV-negative human plasma (Basematrix). This panel was used to determine the limit of detection of the ultrasensitive HIV-1 MONITOR Test.
Specimen preparation. (i) Standard method. The standard specimen preparation procedure was performed as described in the package insert for the AMPLICOR HIV MONITOR Test. Briefly, HIV RNA was extracted from 200 l of plasma with 600 l of working HIV-1 MONITOR Lysis Buffer containing a known number of Quantitation Standard (QS) RNA molecules. The RNA was precipitated with isopropanol, recovered by microcentrifugation at maximum speed (at least 12,500 ϫ g) for 15 min at room temperature, washed with 1 ml of 70% ethanol, and resuspended in 400 l of HIV-1 MONITOR Specimen Diluent. Fifty microliters of the processed specimen was added to Working HIV-1 MONITOR Master Mix for the reverse transcription (RT)-PCR amplification reactions. The amplification reaction mixture contained the HIV RNA recovered from 25 l of a plasma sample.
(ii) Ultrasensitive method. HIV particles were concentrated from 500 l of plasma by centrifuging the samples at 17,000 rpm (24,000 ϫ g) for 60 min at 4°C in a 17 RS Heraeus centrifuge equipped with rotor model HFA 22.1. The pelleted virus particles were lysed by treatment with 600 l of working HIV-1 MONITOR Lysis Buffer, and the released RNA was precipitated with 600 l of 100% isopropanol. The amount of QS added to the working HIV-1 MONITOR Lysis Buffer was adjusted so that the same number of QS molecules was added to each amplification reaction mixture in the standard and ultrasensitive tests. The precipitated RNA was recovered by centrifugation, washed with 1 ml of 70% ethanol, and resuspended in 100 l of HIV-1 MONITOR Specimen Diluent. Fifty microliters of the processed specimen was added to 50 l of Working HIV-1 MONITOR Master Mix for the RT-PCR amplification reactions. The amplification reaction mixture contained the HIV RNA recovered from 250 l of a plasma sample.
RT-amplification. The target sequence for the AMPLICOR HIV-1 MONI-TOR Test is a highly conserved region of the HIV-1 gag gene (11) that encodes the group-specific antigens (core structural proteins) of the virion. The working HIV-1 MONITOR Master Mix is a bicine-buffered solution containing glycerol, potassium acetate, deoxynucleoside triphosphates (including dATP, dCTP, dGTP, TTP, and dUTP), biotinylated primers (antisense primer SK431 and sense primer SK462), Thermus thermopilus DNA polymerase, manganese acetate, and sodium azide.
Specimens processed by both the standard and ultrasensitive methods were amplified on a GeneAmp PCR system 9600 thermal cycler (Perkin-Elmer Corporation, Norwalk, Conn.) as described in the AMPLICOR HIV-1 MONITOR package insert. The thermal cycling profile consisted of 2 min at 50°C; 30 min at 60°C (for RT); 4 PCR cycles of 10 s at 95°C, 10 s at 55°C, and 10 s at 72°C; 26 PCR cycles of 10 s at 90°C, 10 s at 60°C, and 10 s at 72°C; and 15 min at 72°C.
Hybridization and detection. The two amplification products, 142-bp sequences generated from HIV-1 and QS target RNAs, were detected colorimetrically. Immediately upon completion of the amplification reaction, the amplification products were denatured by adding 100 l of Denaturation Solution to each reaction mixture. HIV-1 amplification products were quantitatively detected by hybridizing six serial dilutions of each amplification reaction to microwell plate wells coated with an HIV-1-specific oligonucleotide probe. These dilutions were prepared by adding 25 l of the denatured amplification product to 100 l of Hybridization Buffer and performing five fivefold serial dilutions with Hybridization Buffer as the diluent. Similarly, QS amplification products were quantitatively detected by hybridizing two dilutions of each amplification reaction to microwell plate wells coated with a QS-specific oligonucleotide probe. These dilutions were prepared by adding 25 l of the denatured amplification product to 100 l of Hybridization Buffer and performing one fivefold dilution with Hybridization Buffer as the diluent. The HIV-and QS-specific wells were assembled onto the same microwell plate frame. The microwell plate was incubated at 37°C for 60 min to allow the amplification products to hybridize to the probe. The plate was washed, an avidin-horseradish peroxidase conjugate was added to each well, and the plate was incubated at 37°C for 15 min. The plate was washed again, and a substrate solution containing H 2 O 2 and tetramethylbenzidine was added to each well. After a 10-min incubation at room temperature, the colorimetric reaction was terminated by adding Stop Reagent, and the optical density (OD) at 450 nm (single wavelength) was measured.
Calculation of RNA concentration. For both the target and the QS, the dilution that yielded a signal within the linear range of the spectrophotometer was identified. The OD for this dilution was corrected by subtracting the background OD (A 450 , 0.07), and the corrected OD was multiplied by the dilution factor to determine the total signal generated. The input HIV-1 RNA concentration was calculated by comparing the total OD for HIV-1 in the sample to the total OD for the QS in the sample, as follows: number of RNA copies per milliliter of plasma ϭ (total target OD/total QS OD) ϫ QS copies per reaction Ϭ plasma volume, where the plasma volume is 0.025 ml per reaction mixture for the standard test and 0.25 ml per reaction mixture for the ultrasensitive test.
RESULTS

Limit of detection.
The limit of detection was determined by using the ultra-low-level HIV-1 RNA proficiency panel prepared by the ACTG VQA Laboratory (30) . Both the ultrasensitive and the standard HIV-1 MONITOR Tests were performed. The panel consisted of six different viral levels (1,000, 500, 100, 50, 20, and 0 copies/ml). In addition, we prepared viral concentrations of 30 and 40 copies/ml by diluting the sample with 1,000 copies/ml in the Basematrix provided by the VQA Laboratory. The standard HIV-1 MONITOR specimen preparation method detected HIV-1 in all of the samples tested with HIV-1 present at 1,000 and 500 copies/ml but failed to detect HIV-1 in most samples with HIV-1 present at 50 and 40 copies/ml and did not detect HIV-1 in any of the samples with HIV-1 present at 30 and 20 copies/ml (Table 1 ). In contrast, the ultrasensitive method detected HIV-1 in all of the samples tested with HIV-1 present at 1,000 to 50 copies/ml and also detected HIV-1 in most of the samples with HIV-1 present at 40, 30, and 20 copies/ml (Table 1). Thus, an approximately 10-fold increase in sensitivity was achieved by preparing specimens by the ultrasensitive method instead of the standard method. Because we define the detection limit of the test as the concentration required to yield positive results in at least 90% of replicate reactions, the detection limit for the ultrasensitive method is approximately 50 viral RNA copies/ml of plasma.
Linear range. The linear range for the ultrasensitive method was determined by analysis of reconstructed HIV-positive plasma specimens prepared by serial dilution of quantified VQA viral stock in HIV-negative human plasma. This panel of reconstructed HIV-positive specimens contained HIV-1 RNA at concentrations from 500,000 to 6 copies/ml of plasma. Three individuals tested the panel in duplicate, for a total of six replicates for each virus concentration. The log 10 calculated concentration for each replicate was compared to the log 10 input concentration. Linear regression analysis showed that the linear range of the ultrasensitive method was 50 to 50,000 copies/ ml, with a slope of 0.995, an intercept of 0.053, and an R 2 value of 0.986 (Fig. 1) . Within the linear range, the concentration measured by the ultrasensitive method is, on average, close to the actual concentration because the slope approaches 1.0 and the intercept approaches 0.0.
Correlation with the standard HIV-1 MONITOR Test. The correlation between the standard and the ultrasensitive methods was determined by comparing the log 10 calculated RNA concentrations for 100 positive clinical specimens (with titers of from 250 to 10 6 copies/ml) prepared by both methods (Fig. 2) . The slope, intercept, and r values of the relationship between the two methods were determined through linear regression analysis. Separate regression analyses were performed for four intervals of virus concentration because the slope and intercept did not appear to be constant over the full concentration range.
For viral RNA concentrations below 10,000 copies/ml, the standard and ultrasensitive methods gave very similar results. The slope approached 1.0, the intercept approached 0.0, and the median of the ratio of the RNA concentration determined by the ultrasensitive method to the RNA concentration determined by the standard method approached 1.0 (Table 2) . Furthermore, a twofold or greater difference between the RNA concentrations obtained by the two methods was found for only 2 of the 56 specimens.
For intermediate viral RNA concentrations (between 10,000 and 100,000 copies/ml), the slope was somewhat lower, the intercept was somewhat higher, and the median ratio of the RNA concentrations determined by the two methods was approximately 0.7, indicating that the ultrasensitive method slightly underestimated the concentration compared to that estimated by the standard method (Table 2) . Indeed, a twofold difference between the RNA concentrations obtained by the two methods was found for 7 of the 39 specimens. The standard method gave the higher result for five of the specimens and the ultrasensitive method gave the higher result for two of the specimens.
For high viral RNA concentrations (above 100,000 copies/ ml), the slope was less than 0.9, the intercept was substantially greater than 0.0, and the median ratio of the RNA concentrations determined by the two methods was less than 0.4, indicating that the ultrasensitive method substantially underestimated the concentration (Table 2) . Indeed, the standard method gave a more than twofold higher RNA concentration for five of the six specimens.
Although the ultrasensitive method was less accurate at higher concentrations, the two tests exhibited good agreement over their shared linear range (400 to 50,000 copies/ml). The median ratio of the RNA concentration determined by the ultrasensitive method to the RNA concentration determined by the standard method was 0.78. The concentrations determined by the two methods differed more than twofold for only 8 of 86 specimens; the standard method gave the higher result for six of these eight specimens.
Specificity. The analytical specificity of the standard AMPLICOR HIV-1 MONITOR Test was previously determined by analyzing 24 microbes and closely related viruses (24) . None of the non-HIV organisms reacted in the standard test; three of the four HIV-2 isolates tested yielded positive results. Since the ultrasensitive and standard methods use identical primers, probe, and amplification conditions, the analytical specificity is expected to be the same and was not reevaluated. It was, however, necessary to demonstrate that the ultrasensitive method did not recover substances capable of causing false-positive results with clinical specimens. Therefore, the specificity of the ultrasensitive method was evaluated by testing 50 HIV-seronegative plasma specimens from healthy blood donors. All 50 specimens yielded negative results for HIV (Fig. 3) . The average OD generated by the undiluted amplification products was 0.055 for both the standard and the ultrasensitive methods. The minimum OD observed was 0.043 for both methods. The maximum OD observed was 0.074 for the standard method and 0.085 for the ultrasensitive method. The two methods yielded similar total ODs for the QS.
Precision study. A precision study for the ultrasensitive method was performed by evaluating two dilutions of a viral stock (VQA Laboratory) containing HIV-1 RNA at 250 and 25,000 copies/ml in Basematrix, two dilutions of clinical specimen pools containing HIV-1 RNA at 500 and 25,000 copies/ ml, and a negative control (Basematrix). The study was carried out over 10 consecutive working days by two laboratory operators. Five replicates for each HIV-containing sample and four replicates for the negative control (for a total of 24 samples) were tested by each operator on each day. All 80 negative controls yielded negative results. The test exhibited good total For input RNA concentrations below 50 copies/ml, some of the replicates gave negative results and were excluded from the data analysis. At each input RNA concentration, the mean of the log 10 calculated RNA concentrations and the standard deviation were determined (circles). The open circles indicate the results for concentrations that were used for linear regression analysis. The closed circles indicate the results for concentrations that were not included in the regression analysis. Linear regression analysis was performed for input RNA concentrations of from 50 to 50,000 copies/ml (solid line and equation). The regression analysis was performed with the individual results for each replicate at each input RNA concentration.
FIG. 2. Correlation between the ultrasensitive and standard AMPLICOR
HIV-1 MONITOR Tests. The log 10 calculated RNA concentration was determined by each method for a set of 100 specimens. Specimens are grouped by calculated RNA concentration (E, 250 to 9,999 copies/ml; ϫ, 10,000 to 49,999 copies/ml; ‚, 50,000 to 99,999 copies/ml; ᮀ, 100,000, to 499,999 copies/ml). Separate linear regressions were performed for each group of specimens (see Table 2 ). The regression line for specimens with Ͻ10,000 copies/ml is shown (solid line). precision for all the HIV-1-positive samples, with coefficients of variation (CVs) ranging from 22 to 35% (Table 3 ). Most of the variability was due to variation between replicates within a run, with CVs ranging from 21 to 30% (Table 3 ). The betweenday variation, with CVs ranging from 7 to 18%, was less than the within-run variation (Table 3 ). There was virtually no variation between operators (Table 3) .
Interlaboratory variation. To determine the variability of the ultrasensitive method among laboratories, a panel was constructed by aliquoting one HIV-negative and four HIVpositive clinical specimens (obtained from Bioclinical Partners) with different viral RNA concentrations. The panel consisted of 12 coded, single-use aliquots; the negative specimen was represented three times, and each of the HIV-positive specimens was represented two or three times. At each of three sites, the University of New Mexico (UNM), Johns Hopkins University (JHU) and Roche Molecular System (RMS), one operator tested one panel each day for 2 days. The median CVs for the duplicate determinations in the RMS, UNM, and JHU laboratories were 24, 8, and 30%, respectively, and the median CV for the combined results from all three sites was 35% (Table 4) .
Detection of HIV-1 RNA in low-titer clinical specimens.
To demonstrate the improved sensitivity of the ultrasensitive method, we evaluated 24 clinical specimens that tested negative by the standard method and that thus had titers below 400 copies/ml (the quantitation limit of the standard method). When processed by the ultrasensitive method, 13 of the 24 specimens gave positive results (Fig. 4) . Six of the 13 positive specimens had viral RNA titers within the linear range of the assay, and 7 had titers below the linear range of the assay. The highest titer observed was 215 copies/ml. We also further increased the sensitivity of the ultrasensitive method by increasing the input plasma volume from 0.5 to 1.0 ml. This twofold increase in plasma input produced an approximately twofold additional increase in analytical sensitivity, for a total increase in analytical sensitivity of 20-fold compared to that of the standard method (data not shown). When the ultrasensitive method was used with a 1.0-ml plasma input, 3 additional low-titer specimens were detected, for a total of 16 of 24 low-titer specimens in which HIV-1 RNA could be detected (data not shown). For routine use, the convenience afforded by the 0.5-ml sample size outweighs the small increase in sensitivity achieved with a 1.0-ml sample.
DISCUSSION
The analytical sensitivity of the AMPLICOR HIV-1 MON-ITOR Test was increased approximately 10-fold through a relatively simple modification of the specimen processing procedure. An ultracentrifugation step was performed prior to extracting RNA to concentrate the HIV particles. By eliminating soluble plasma components that potentially interfere with RT-PCR, we were able to increase the volume of specimen tested 10-fold, from the equivalent of 25 l of plasma by the standard method to the equivalent of 250 l of plasma by the ultrasensitive method.
The linear range for the ultrasensitive method is 50 to 50,000 copies of viral RNA/ml of plasma. This represents an approximate 10-fold shift compared to the linear range for the standard method (400 to 750,000 copies of viral RNA/ml of plasma). This is expected because the linearity of the test depends on the number of target molecules amplified. The number of viral RNA molecules added to the amplification reaction mixture will be the same for an extract prepared by the ultrasensitive method from plasma containing 50,000 copies/ml and an extract prepared by the standard method from plasma containing 500,000 copies/ml. a These calculations were performed as described in the EP5T guideline of the National Committee for Clinical Laboratory Standards (19) for within-run, between-day, and between-operator variations and total precision. Between-day variation includes variation between runs; between-run variation within 1 day could not be calculated because each operator performed only one run per day. The total number of replicates for each specimen is 100.
b VQA are dilutions of the viral stock from ACTG. Clinical specimens were obtained from HIV-positive patients. c The estimate of variance was negative and was set to zero in accordance with the guideline of the National Committee for Clinical Laboratory Standards (19) .
The RNA concentrations measured by the standard and ultrasensitive methods differed by less than a factor of 2 for 91% (78 of 86) of the specimens that had RNA titers within the linear range of both methods. The RNA concentrations calculated by the ultrasensitive method were slightly lower (median, 22% lower) than those calculated by the standard method. A laboratory that developed its own, similar ultrasensitive version of the AMPLICOR test reported results comparable to those reported here and suggested that they could be explained by the observation that 10 to 16% of the HIV-1 RNA in plasma is not recovered during high-speed centrifugation (27) . Nevertheless, the relatively good agreement implies that laboratories can switch between the two methods to obtain accurate measurements of viral burden at all stages of HIV infection. For example, the standard method could be used to obtain titers at the baseline and the ultrasensitive method could be used after the initiation of therapy or after the viral titer exhibits a substantial decrease. Should the viral titer rise due to therapy failure, the standard method could be used again.
The limit of detection for the ultrasensitive method was 50 viral RNA copies/ml of plasma. While the method was also able to detect samples with lower titers, a single measurement cannot accurately assess viral burden when the titer is below 50 viral RNA copies/ml of plasma. By performing replicate tests, we demonstrated that such specimens will not always yield positive results. Furthermore, when positive results were obtained, the viral titer was overestimated. Statistical fluctuation probably contributes to this apparent irreproducibility. For a titer in plasma of 20 RNA copies/ml, an average of at most 5 copies (assuming 100% recovery of RNA) is introduced into the amplification reaction. The actual number of RNA molecules delivered to a reaction will be distributed according to the Poisson statistics. Thus, the standard deviation of the number of molecules per reaction will be 2.2 (͌5), and any individual test could receive as few as 1 or as many as 9 target molecules. The actual fluctuation is likely to be somewhat larger because this simplified analysis does not take into account sampling variation that also occurs when drawing the initial 0.5-ml aliquot of plasma.
The ultrasensitive method exhibited good reproducibility. The overall coefficient of variation was approximately 30%, which implies that a single test result will provide an estimate of the actual titer within a factor of 2. Within-run differences between replicates was the largest source of variation. When different laboratories tested the same sample, the individual viral titer determinations generally differed from each other by a factor of 3 at most, which indicates that the results obtained in different laboratories can be compared.
Several recent studies indicate that the ultrasensitive assay will provide clinically useful information. The assay can measure HIV-1 RNA titers in patients whose titers fall below the detection limit of the standard AMPLICOR HIV-1 MONI-TOR Test. For example, 11 of 15 patients treated with a combination of nevirapine, indinavir, and lamivudine had viral titers below the limit of detection for the standard test; an ultrasensitive version of the test revealed that 5 of these 11 patients had RNA titers of between 20 and 200 copies/ml and that 6 had RNA titers below 20 copies/ml (8) . Patients whose viral loads drop below 50 RNA copies/ml in response to therapy may be more likely to sustain suppression of viral replication. In one study, only 12% (4 of 32) of patients who achieved undetectable viral RNA loads ultimately had relapses (exhibited Ͼ1,000 RNA copies/ml) during follow-up, whereas 33% a The mean was calculated by averaging the six individual determinations for each test sample. The standard deviations and CVs among laboratories were determined by performing a nested analysis of variance similar to that described in guideline EP5T of the National Committee for Clinical Laboratory Standards (19) . and 400 RNA copies/ml had relapses (10) . In a second study, 9 of 10 patients who achieved undetectable viral RNA loads did not exhibit an increase during follow-up (14) . In contrast, 7 of 10 patients who achieved viral loads of between 50 and 200 copies/ml did exhibit increases during follow-up; the 3 patients who did not exhibit increased viral RNA titers were switched to a more potent therapy during follow-up (14) .
The ultrasensitive processing method has been incorporated into the latest version of the AMPLICOR HIV-1 MONITOR Test. The test is designed to offer the option of using the ultrasensitive or standard processing method, which should enable it to be used throughout the course of HIV-1 infection. With a detection limit of 50 viral RNA copies/ml of plasma, it should prove to be useful for monitoring the response to the new, highly effective combination therapies. Improvements in therapeutic regimens may ultimately result in viral titers that are below the limit of detection of the ultrasensitive method. Additional modifications to the ultrasensitive method, such as further increases in the plasma input volume, can be used to enhance its sensitivity.
